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PROPULSION SYSTEM FOR RESEARCH VTOL TRANSPORTS
by Laurence W. Gertsma and Steve Zigan

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

ABSTRACT

In anticipation of an eventual VIOL requirement for civil aviation,
NASA has been conducting studies directed toward determining and develop-
ing the technology required for a commercial VIQOL transport. In this
paper, the commercial transport configurations are briefly reviewed; the
propulsion system specifications and components developed by the engine
study contractor are presented and described; and methods for using the
lift-propulsion system for aircraft attitude control are discussed.

INTRODUCTION

In anticipation of an eventual VICOL requirement for civil aviation,
NASA has been conducting studies directed toward determining and develop-
ing the technology required for a commercial VIOL transport. ©Selected as
a basis for these studies was a 100-passenger transport having the 1lift
and cruise propulsion provided by fan-jet engines. Commercial transport
configurations were proposed by three airframe contractors (refs. 1, 2,
and 3). The propulsion systems required for these transports were iden-
tified in detail in references 4 and 5 and reviewed summarily in refer-
ence 6,

An important aspect of a VIOL technology program would be a research
transport for proving out propulsion concepts, attitude control systems,
and flight operational procedures. Research configurations would be
existing aircraft modified for VTOL operation by the incorporation of the
remote driven tip-turbine 1ift fan system described in reference 7.

The primary subject of this paper is the proposed propulsion system
for a research VIOL transport. The remote driven lift-fan system is
representative of a system which could be used on a commercial aircraft.

In this paper, the commercial transport configurations proposed in the
aircraft studies are briefly reviewed; the propulsion system specifica-
tions and components developed by the engine study contractor are presented
and described; and methods for using the lift-propulsion system for air-
craft attitude control are discussed.
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ATRCRAFT CONFIGURATIONS

Aircraft configuration studiles for a VIOL transport were made by The
Boeing Company, North American Rockwell Corporation, and McDonnel Air-
craft Company under NASA contract (refs, 1, 2, and 3). Configurations
were evolved by each for a 1980-1985 time-period commercial transport.

Commercial Transports

The basic requirement for the commercial VIOL aircraft was that it
be sized for 100 passengers with a 400 mile VTQL stage length or an 800
mile stage length when operated in the STOL mode and a Mach 0.75 cruise
speed, Additional guidelines influencing the configuration and size were:
a noise goal of 95 PNdB at 500 feet at 1lift-off power; engine or fan out
capability; and gust sensitivity of 0.0295 g/fps.

Two types of engine systems were considered for the transport studies
(fig. 1). These are an integral 1lift fan similar to the current turbofan
engines but one-half the length, and a remotely driven tip-turbine 1ift
fan similar to those used in the NASA XV5-B lightweight research aircraft.
In the integral fan, special emphasis was placed in keeping the engine
short, This resulted in a short compressor with the combustor folded
back over the compressor making almost a square engine when viewed from
the gide. The tip-turbine fan is driven by the exhaust of a turbojet
engine remotely located from the fan.

One of the primary Boeing transport concepts is shown in figure 2(a).
This concept utilized 8 integral 1ift and lift-cruise engines mounted
around the aircraft center-of-gravity. All the engines are identical
except for differences in accessories and cowling which result from en-
gine location and function. The forward two engines retract into the
fuselage during cruise. Thrust vectoring is achieved by rotating the
front and rear engines and by the use of louvers in the exhaust of the
wing fans., The engine size is dominated by the thrust required to cruise
and climb on two engines. This configuration had an estimated take-off
gross welght of 116,700 pounds.

North American proposed a remotely driven 1ift fan configuration
(fig. 2(b)) with a take-off gross weight of 120,000 pounds. Since the
North American economic analysis showed very little difference in cost
between the integral and remote 1lift systems, the remote fan selection
was made on the projection that less technical risk would be involved in
the aircraft and engine development. Six 1ift units are mounted in two
wing pods with louvers used to obtain thrust vectoring. Two lift-cruise
fans, which are the same size as the 1lift units, are mounted on the rear
fuselage and uge deflector hoods for the 1ift and transition mode, All
fans are interconnected in pairs to compensate for engine out. In addi-
tion, emergency nozzles are provided on both wing pods and in the rear
for use if a fan should fail.
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McDonnell's remote lift fan configuration is shown in figure 2(c).
This aircraft, with a take~off gross weight of 109,000 pounds is powered
by 6 remote fan-gas generator systems, Two of these are in the fuselage
behind the ¢Qckpit, two are in wing tip pods, and two are mounted on the
rear of the fuselage. The fans, all of which are the same size, are
interconnected in pairs in case of engine out, The lift system configu-
ration in the wing tip pod was made identical to the system in the for-
ward fuselage. A rotating cascade system is used for thrust vectoring on
the four lift fans. The cruise fans use deflector hoods for vertical and
transition thrust.

Research Transport

If a commercial VTQL transport is ever to become a reality, a com-
prehensive base of aircraft design and performance knowledge must be
available, There are several areas that require a large aireraft in
order to obtain this data base. These include new techniques in air-
frame design; full scale 1lift fan development and flight test; and opera-
tion of a large vehicle with attention given to hover, transition, con-
trol response, terminal area operation, ete. A tool to obtain this data
would be a research alrcraft resembling in handling characteristics the
proposed commercial transport. A research aircraft would be an existing
aircraft modified for VIOL operation by the addition of 1ift fans, The
General Electric YJ97/LF460 lift system (ref. 7), which is a 60 inch diam-
eter fan with a tip turbine driven by the exhaust from a YJ97 turbojet,
would be specified as the engine system for the research aircraft. This
system would have a very close resemblance to an advanced remote system.
The research vehicle would be designed so that flight envelopes and oper-
ating technigues could be explored which would be applicable to the com-
mercial aircraft. The noise goal for a research aircraft is less than
100 PNdB at 500 feet sideline., This gepal is a compromise between keeping
the noise level low for demonstration purposes and maintaining the capa-
bility to explore a wide range of flight conditions.

RESEARCH TRANSPORT PROPULSION SYSTEM

When the transport study contracts were initiated, the LF460 remote
tip-turbine fan (ref. 7) appeared to be the only one which could be avail-
able, Theyefore, the LF460 was specified for use in the research trans-
port configurations, In the following paragraphs, the 1ift fan require-
ments are presented, the fan and gas generator features are described,
and energy-transfer methods for attitude control and engine failure are
discussed,
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Gas Generator

The YJ97 was specified as the gas generator since it had the desired
exhaust conditions for the fan turbine and also was the only existing
gngine in the preferred size range, This engine was developed as an ad-
vanced military turbojet. Figure 3 is a photo of the YJ97. At the maxi-
mum speed of 13,900 rpm, the engine develops 5270 pounds of thrust on a
sea level static standard day. At the maximum operating conditions, the
YJ97 exhausts 70 pounds/sec of gas at 54.76 psia and 1375° F. Since the
YJ97 is a constant speed machine, increased gas power may be obtained for
short periods of time by back pressuring the turbine, When the burbine
is back pressured, the turbine temperature is increased by the fuel con-
trol system to maintain speed. This is permissible for short times with
turbine exit temperatures up to 1600° F.

Lift Fan

Several basic lift fan requirements were established before and dur-
ing the fap design. (1) All fans were matched to use the full power from
the YJ97 gas generator. (2) The individual fan noise level must be less
than 92 PNdB at 500 feet at take-off power to meet the research aircraft
noise goal of less than 100 PNAB for a six engine vehicle. (3) To permit
the use of fan modulation for control, a response time of 0.2 second to
reach 63 percent of a step input is necessary for effective ajrcraft con-
trol. (4) A design life of 1200 hours total time. (5) The fan should be
able to operate satisfactorily in a 150 knot crossflow, which would arise
during transition, (6) The scroll was designed in two 180° sections to
facilitate the interconnection of fans which is necessary in case of gas
generator failure. Two lift-fan designs are discussed herein. These are
the LF460, which was used for the previously discussed aircraft studies,
and a lowerrnoise derivative herein called the Quiet Lift Fan.

LF460 Lift fan, - The LF460 is a 60 inch diameter 1lift fan driven by
a single stage impulse tip turbine (fig. 4), Some of the specifications
for the LF460 are listed in table I. The design of the LF460 was nearly
complete before noise became ane of the major considerations in system
design. Therefore, the LF460 has limited acoustical treatment in the
rear dugt with two short acoustical splitters and duct liners, An axial
spacing of two chord lengths was used between the rotor and stators
along with an 18 degree stator lean in the direction of rotation at the
hub in order to reduce stage noise generation.

Structurally, the fan was supported by a deep major strut with a
much smaller minor strut at right angles for stability. The scroll was
split into two 180° segments, which are fed by separate ducts. This
keeps the size of the ducts smaller and facilitates the use of duct valves
for control. The large part of the scroll was divided into 3 bubbles
and placed outside the turbine to maintain a minimum outer diameter. The
scroll and other high temperature components are made from nickel alloys,
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Turbine buckets of Udimet 700 are brazed directly to the Rene 95 fan
blades instead of by mechanical attachment, so that weight and polar
moment of inertia could be reduced,

Quiet 1ift fan (QLF). - The “"Quiet Lift Fan" (QLF) is a derivative
of the LF460 fan. Although the LF460 was specified for use in the re-
search transport, calculations showed that it would be difficult to de-
sign the aircraft to meet the noise goals. Modifications were then made
to the LF460 to lower the noise. Some of the design features for the
QLF are listed in table II. The interplay between the required thrust,
pressure ratio, acoustical treatment, noise, and losses resulted in the
selection of a 64 inch diameter fan with a pressure ratio of 1,32, giving
a design lift of 14,940 pounds on a sea level static standard day. The
fan tip speed of 1125 ft/sec was selected after consideration of effects
on blade loading, nolse, and turbine performance, The tip speed then
influenced selection of 88 fan blades since it is very desirable to keep
the blade passing frequency above 5000 Hertz because of the Noy factor.
The turbine design conditions were get by the gas availlable from one
YJ97 plus an added 9 percent turbine flow which would be supplied from a
second gas generator during maximum thrust modulation,

A cutaway view of the QLF 1s shown in figure 5. This fan uses a
split single bubble scroll to supply the turbine. The scroll is posi-
tioned partially ahead of the turbine, thus resulting in a deeper bell-
mouth than for the LF460 fan., The deeper bellmouth is advantageous dur-
ing crossflow and when the fan is mounted for cruise. A three-strut front
frame supports the center housing with the struts leaned slightly to allow
for differential thermal expansion. The strut loads are carried through
the scroll to three aircraft mounting points located under the scroll.

The fan blades, because of their large aspect ratio, require two mid-
span dampers for stability. Three turbine buckets with their shrouds are
brazed to the end of each fan blade. The use of brazing for attachment
of the turbine buckets instead of bolts, as used on the XV5-B lift fan
system, reduced the polar moment of inertia as well as the number of
parts. The stator blades are leaned in the direction of rotation 18 de-
grees as measured at the hub as a noise reduction technique. This lean
also allows for differential thermal expansion between the hub, stators,
and casing. The acoustical treatment at the exit is in the form of four
treated splitters with liners on both walls of the duct. The splitters
and liners have perforations and chambers designed to reduce the noise
cgused by the dominant freguencies.

Most of the techniques used to reduce noise add weight to the fan
while causing thrust loss. This penalty is illustrated for 1lift fans in
figure 6. Heavy acoustical treatment such as is used in the QLF reduces
the thrust to weight ratio by over 20 percent when compared to a bare fan.

The turbine exhaust passage has a diffusing section built into it to
keep both the turbine static pressure and duct exit velocity low. The
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jet exit velocity for both the turbine and fan is below 700 ft/sec. The
fan blades and all high-temperature parts are made from high temperature
nickel alloys, while Ti6-4 or Al is used in the remainder of the fan de-
pending on the strength requirements.

CONTROL SYSTEMS

A VTOL propulsion system must provide the necessary control forces
in hover and low-speed flight as well as the basic 1lift. There are two
basic control methods which may be employed., The simplest one is the fan
thrust spoiling technique, which was employed earlier on the Ames Research
Center's XV-5B VIOL research aircraft, Although simple, fan thrust spoil-
ing requires larger installed power systems at an increase in gross
weight. The other system is control by thrust modulation, where as one
fan thrust incregses, the interconnected fan has decreasing thrust. This
can be done by transferring flow from one gas generator to the opposite
fan through the interconnecting duct., The transferred flow can be either
engine exhaust flow or compressor bleed flow. Both of these types of
systems are discussed,

Engine Exhaust System

A control system developed by McDonnel Aircraft, utilizes a single
interconnecting duct between pairs of gas generators and fans to provide
attitude control and engine-out operation. This system, called "energy
transfer and control" (ETC), is shown in figure 7. Valves are located
at the entrance to the fan scrolls, as illustrated in figure 7, to enable
transfer of the gas from both engines to either of the fans for thrust
modulation. As an example, if differential thrust is needed with an in-
crease for fan #2, ETC valve #L would be partially closed. This increases
the mass flow to fan #2, thus increasing its thrust. Since the engine
rpm is fixed by setting the engine throttles, the back pressure on the
turbine created by closing the ETC valve will cause an increase in turbine
exit pressure and temperature, thereby increasing the power output of both
engines. The net result is an increase in total lift with fan #1 remain-
ing at nearly constant 1ift and fan #2 with increased 1ift because of the
increased gas energy. To maintain the same total system 1ift and to in-
crease the moment response rate, the 1ift from the #1 fan must be reduced
by spoiling with louvers. At maximum control conditions, a transfer of
9 percent mass flow will increase the fan thrust approximately 22 to 23
percent,

Additional valves are regquired for startup and emergency operation
(fan or engine out). The shutoff valve in the connecting duct is used
only to facilitate engine start up. During operation, if an engine fails,
the isolation valve is closed along with one ETC Scroll valve in each fan,
This divides the flow from one engine between the two fans maintaining a
balanced moment and providing approximately 60 percent of design thrust
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of each fan, In the event of fan failure, the ETC valves at the failed
fan plus one seroll valve on the gpod fan would close and at the same
time the fan emergency nezzle is activated. This sequence of valve oper-
ations delivers the flew from one and a half engines through the emer-
gency nozzle, The net result is again a 1ift of around 60 percent of
design thrust, the same as with an engine failure, The appligagtion of
this concept will provide the required thrust for contrel plus sufficient
thrust with either a fan or engine out while minimizing the installed
thrust required. However, this approasch requires a large number of
valves, with both the valves and ducting operated at high temperatures.

This ETC system has been simulated by McDonnel Aircraft under con-
traet to NASA Ames Research Center by using two YJ97 turbojets with
choked nozzles ysed to simylate the fans (choked flow in tip-turbine).
The engines were operated over a range of speeds and EIC valve settings.

Figure 8 shows the results when a typical set of test data are used
to calculate the fan thrust change as the position of the ETC valves to
one fan is varied. The data points shown are not measured fan thrust
but caleulated fan thrust at the valve setting based on data for engine
exhaust conditiaons obtained from the experiment. For example, a 33-degree
valve deflection upstream of fan #l would produce an increase of approxi-
mately 3000 pounds in the thrust of fan #2 while the thrust of fan #1
would be reduced by approximately 200 pounds from its nominal valve of
12,500 pounds, This results in an increase in total 1ift, so that when
;he system is applied to an aircraft the thrust must be spoiled on the

1l fan,

Compressor Bleed Bystem

One method of power transfer which has been investigated by computer
simulation is a compressor bleed system (ref. 8). A schematic of the
basic elements of this system for a two-fan configuration is shown in
figure 9. When differential lift is required, air is bled from the com-
pressqr exit and ducted to the opposite fan turbine. The primary advan-
tage of this system is the low temperature of the transfer flow. This
air is below 1200° R, but at high pressure, about 200 psia, thereby re-
quiring only small lightweight duct and valves made from titanium,

This system works in the following manner, If a thrust increase is
required from fan Fy (fig, 9), valyve ports VF; and VEp are opened,
permitting compressor flow from epgine Ep to flow to fan Fq., The
thrust of fan Py increases because of the additional flow and also be-
cause of a temperature increase due to the ingreased back pressure on
engine Ej. Fan Fp loses thrust because of the reduced engine BEp ex-
haust flow, but this is partly counteracted by an increase in engine Iy
exhaust temperature. As an example, to meet the roll requirements of a
typical research aircraft would require approximately 9 percent compres-
sor bleed,
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A basic limitation of the compressor bleed system is in engine-out
performance. In the six engine configuration, shown in figure 10, if
either fan or engine failed both would be shut down, the emergency inter-
connect valve and the emergency nozzle valve on the failed side would
open, energizing the emergency nozzle with bleed flow from the other five
engines. This drives the temperature up in the remaining engines to their
limit, The recovered thrust in this case is about 6 percent less than can
be obtained by the ETC system. The major advantage of this system is the
capability to use low temperature, small size ducting, and low tempera-
ture valves,

CONCLUDING REMARKS

This paper has reviewed the aircraft configurations which have been
proposed for VIOL transports. There was no unanimous opinion among the
designers on the bhest type of propulsion system, remote or integral, to
be used on the commercial transports.

A detailed design of the LF480 lift fan, which was specified for use
in the research girg¢raft studies, has been completed, This design con-
tains technplogy that is well within the state of the art, The emphasis
on reduced ajrcraft noise required some modifications to the LF460, Pre-
liminary modifications in the design were completed which reduced noise
but also reduced the thrust-torweight ratio.

The results of the "Energy Transfer and Control" system tests show
that this gystem can provide adequate attitude and engine-out control in
the VTOL mode. By the use of fan emergency nozzles and interconnect duct-
ing, the system can provide either fan or engine out operation at very
little increase in the installed thrust that would be required for normal
operation,

A research vehicle in the 50,000 pound gross-take-off-weight class
powered by the YJ97/LF460 system can act as the integration medium for
all the technology, such as airframes, propulsion, controls, navigation
aids, flight techniques, etec,, needed to develop a workable transport,
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TABLE I. - LF460 LIFT FAN DESIGN PARAMETERS

Total pressure ratio, max. power 1.36
Total pressure ratio, take-off 1.29
Corrected air flow 617 1b/sec
Corrected tip speed 1125 ft/sec
Tip diameter 59.95 in.
Design thrust 15,057 1b
Number of fan blades 88
Number of fan stator vanes 56
Number of turbine blades 264
Turbine inlet pressure 54,74 psia
Turbine gas flow 76.22 1b/sec

Turbine inlet temperature 2060° R



TABLE II. - QUIET LIFT FAN DESIGN PARAMETERS (QLF)

Total pressure ratio, max. power 1.32
Total pressure ratio, take-off 1.25
Corrected air flow 711 1b/sec
Corrected tip speed 1125 ft/sec
Tip diameter 64 in.
Design thrust 14,940 1b
Number of fan blades 88
Number of fan stator vanes 56
Number of turbine blades 264
Turbine inlet pressure 54.74 psia
Turbine gas flow 76.22 1b/sec

Turbine inlet temperature 2060° R
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(a} BOEING.

(b) NORTH AMERICAN ROCKWELL.

{c) MCDONNELL DOUGLAS,

Figure 2. VTOL commercial transport concepts.
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Figure 3, - YJ97 gas generator.
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Figure 4.  LFA60 lift fan layout.
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